Abstract: A 6.5 kDa serine protease inhibitor was purified by anion-exchange chromatography from the crude extract of the Inga umbratica seeds, containing inhibitor isoforms ranging from 6.3 to 6.7 kDa and protease inhibitors of ~19 kDa. The purified protein was characterized as a potent inhibitor against trypsin and chymotrypsin and it was named I. umbratica trypsin and chymotrypsin inhibitor (IUTCI). MALDI-TOF spectra of the IUTCI, in the presence of DTT, showed six disulfide bonds content, suggesting that this inhibitor belongs to Bowman-Birk family. The circular dichroism spectroscopy indicates that IUTCI is predominantly formed by unordered and β-sheet secondary structure. It was also characterized, by fluorescence spectroscopy, as a stable protein at range of pH from 5.0 to 7.0. Moreover, this inhibitor at concentration of 75 µM presented a remarkable inhibitory activity (60%) against digestive serine proteases from boll weevil Anthonomus grandis, an important economical cotton pest.
INTRODUCTION
Protease inhibitors from Leguminosae seeds have been classified into two main distinct Kunitz and Bowman-Birk families on the basis of molecular mass (M m ) and disulfide bonds pattern [1] . Members of the Kunitz family have a molecular mass (M m ) of about 20,000 and lower cysteine content, while members of the Bowman-Birk Inhibitor (BBI) family are smaller (M m 7,000 to 10,000) and present a conserved pattern of six or seven disulfide bonds [1~3] . Disulfide bonds and highly conserved amino acids residues in the BBI reactive loops play a key role at the inhibitory domains orientation to a proper conformation for binding to cognate enzymes [4, 5] . Additionally, disulfide bonds contribute significantly toward maintaining the structural stability of BBI proteins [6~10] .
BBIs are protease inhibitors that have been well structurally and physical-chemically characterized. These proteins inhibit simultaneously two protease molecules with kinetically independent binding sites by forming stable binary [10, 11] and ternary complexes [5] . BBIs are composed by two domains organized in a β-hairpin of antiparallel β-sheet [12~14] . A new structural feature, a dimeric form, of a Bowman-Birk type inhibitor from pea seeds has been reported [15] . The C-terminal tails of the twoinhibitor molecules form a β-sheet that is responsible for dimeric formation. In general, BBIs from dicotyledonous plants present seven disulfide bonds, while BBIs from *Address correspondence to this author at the Universidade de Brasília Departamento de Biologia Celular, Brasília, DF, Brazil; Tel: (55) (61) 3072192; Fax (55) (61) 3498411, E-mail: nina@unb.br monocotyledonous have presented five to thirteen disulfide bonds [16] .
Although the physiological role of the protease inhibitors has not been clearly explained, it has been proposed that they are part of natural plant defense system against insect predation acting by inhibiting insect proteases [17~19]. Hence, these inhibitors have gained attention as possible sources of engineered resistance against pests and pathogens for transgenic plants expressing heterologous inhibitors [17, 20] . Tobacco plants transformed with genes coding serine protease inhibitors have been shown to possess insect pest resistance [20] .
The boll weevil, Anthonomus grandis, is an important insect-pest that attacks cotton crops in the tropical and subtropical areas of America, causing severe economical losses. Adult insects and larvae feed on floral buds and fruits, using these structures as alimentary sources [21] . The control with chemical pesticides is inefficient against the boll weevil due its endophytic larval development, which is totally isolated from insecticides [21] . Several research groups have made strong efforts to search and evaluate novel insecticidal proteins suitable for boll weevil control, such as α-amylase and protease inhibitors, among others [22~24]. These data suggested that inhibitors from Leguminosae seeds might provide viable alternatives for A. grandis control.
I. umbratica is a Leguminosae belonging to Mimosaceae family from Amazon forest. It constitutes a rich source of protease inhibitors [25] and has high potential as alimentary source for the humid tropics population. Kunitz type inhibitors from I. umbratica were previously purified and partially physical-chemically characterized [25] . The present study reports the purification and partial characterization of a BBI with 6.5 kDa from I. umbratica seeds with an enhanced agricultural biotechnological potential.
MATERIAL AND METHODS

Preparation of Crude Extract
10 g of dried seeds previously defatted with acetone 100% were homogenized in 100 mL of 0.15 M NaCl and stirred for 16 hs at 4 o C. The extract was centrifuged at 8,000 g for 30 min and the supernatant was dialyzed against distilled water.
Purification of I. umbratica Inhibitor
Anion-exchange chromatography was performed in DEAE-cellulose resin equilibrated with 20 mM Tris-HCl, pH 8.0. Samples of 240 mg of the I. umbratica crude extract were applied into the column and eluted with a linear gradient of 0-1.0 M NaCl. Fractions were dialyzed, lyophilized, and stored at -20 o C.
Isolation of Midgut Fluid
Boll weevil larvae were obtained from Biological Control Department of CENARGEN/EMBRAPA (Brasília, Brazil). Larvae were reared on artificial diet [26] at temperature of 25 o C and 55% relative humidity. The guts were surgically removed from larvae and placed into an iso-osmotic saline (0.15M NaCl). Midgut tissues were homogenized and centrifuged for 10 min at 10,000 g at 4 o C and the supernatant was removed and used for enzymatic assays.
Bovine Protease Inhibitory Assays
The inhibitory activity of the crude extract and purified inhibitor against β-trypsin and α-chymotrypsin were performed using the chromogenic substrates N-benzoyl-Larginine-p-nitroanilide (BAPNA) and N-glutaryl-Lphenylalanyl-p-nitroamilide (GPNA), respectively [27] . Protein concentration was adjusted to a standard concentration of 0.3 mg/mL according to Lowry et al. [28] . Briefly, 100 µL of the 0.3 mg/mL crude extract and inhibitor at same concentration were incubated with 100 µL of 0.8 mg/mL α-chymotrypsin or 100 µL of 0.64 mg/mL trypsin, at 25ºC for 15 minutes before the addition of 500 µL of the substrate at pH 7.6 (chymotrypsin assay) and pH 8.2 (trypsin assay). Following a reaction time of 10 minutes, 100 µL of 30 % acetic acid was added to stop the reactions. The relative enzymatic activities were evaluated by the liberation of p-nitroaniline, in both the chymotrypsin and the trypsin assays, measured at 410 nm with a Hitachi U-1100 spectrophotometer.
Boll Weevil Protease Inhibitory Assays
Proteolytic inhibitory activities were tested with I. umbratica inhibitors at 0.5 mg/mL against A. grandis protease larvae using 10 µM fluorogenic peptides Z-CBZPhe-Arg-7-MCA. The assays were performed in 25 mM Tris-HCl, pH 7.5 and 20 mM DMSO according to Solomon et al. [29] . The reaction was stopped with 1.9 mL of 0.2 M Na 2 CO 3 . The cleavage of AMC products was monitored by measurement of fluorescence emission at 460 nm with excitation wavelength of 365 nm, in a DyNA Quant 500 fluorescence reader (Pharmacia-Biotech). The blank fluorescence readings (minus substrate) were subtracted. Positive control was done using 0.5 mg/mL of Soybean Kunitz Trypsin Inhibitor (SKTI). Assays were carried out in triplicate with endpoint fluorescence values difference lower than 10%.
Molecular Mass Determinations
Molecular masses (M m ) of the proteins present in the crude extracts and in the fraction containing inhibitors were determined by using a Voyager-DE STR from PerSeptive Biosystems. Samples were prepared for Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) analysis by mixing equal volumes (9 µL) of a protein (5 pmol) and a matrix solution (25 mg/mL ferulic acid in acetone). The mixture was vigorously stirred for 30 seconds in Vortex Genie 2. One µL of each solution was applied on a MALDI sample plate and allowed to crystallize at room temperature. The instrument was operated in linear mode with delayed extractions on. Ions were generated by irradiation with a nitrogen laser at fixed wavelength of 337 nm. Ions were accelerated with a voltage of 25 kV and delay of 500 ns. Signals were captured at 500 MHz and the obtained data were processed in the standard format of the equipment, using the GRAMS V.4.03 program and Galatic software. Spectra were obtained with internal calibration by using Sequazyme molecular masses standards provided by PerSeptive Biosystems.
Disulfide Bond Estimation
In order to determine the disulfide bond content, sample were incubated with 50 µL of 0.05 M NH 4 HCO 3 and 1.5 µL of 0.05 M dithiothreitol (DTT) by 30 minutes. After incubation, masses were determined by MALDI-TOF Mass Spectrometry and differences in molecular mass were analyzed.
Fluorescence Emission Analysis
For the protein fluorescence emission measurements, solutions containing 1.0 mg/mL in 20 mM MOPS pH 7.0 and 1x1 cm length thermostatted quartz cells were used. Spectra were recorded from 300 to 400 nm after excitation at 280 nm, with 5 nm bandwidth for both excitation and emission, using a JASCO FP-777 fluorescence spectrophotometer. The effect of pH on fluorescence emission of the inhibitor was investigated at pH ranging from 2 to 12 using the following buffers at final concentrations of 20 mM: KCl, pH 2; sodium acetate for pH 3 and 4; disodium phosphate for pH 5 and 6; Tris-HCl for pH 7, 8, and 9; glycine-NaOH for pH 10, 11, and 12. Spectra were recorded after 10 min of pre-incubation at each of pHs at 25 o C.
Circular Dichroism Spectrum Analysis
Far-UV (190-260 nm) circular dichroism measurements were carried out on a JASCO J-810 spectropolarimeter. Spectra were recorded in 0.1 cm path length quartz cells at a protein concentration of 0.3 mg/mL in 50 mM MOPS pH 7.0. Five consecutive scans were accumulated and the average spectrum was stored. The observed ellipticities were converted into the mean residue ellipticities [θ] based on a mean molecular mass per residue of 112 Da. Data were corrected for the baseline contribution of MOPS buffer and the observed ellipticities were recorded. The fraction of each secondary structure element of IUTCI was evaluated from far-UV CD spectra by means of the program package Dicroprot (ftp://ftp.ibcp.fr/pub/C_DICHROISM/) [30] .
RESULTS AND DISCUSSION
MALDI-TOF spectrum of crude extract (Figure 1) showed the presence of proteins with M m about 6.5, 19.4, and 19.8 with its corresponding double charge peak (~9.9 kDa). Although only the protein of 19.8 kDa is indicated in the last peak, it corresponds to several proteins with small differences in M m , in which two of then correspond to the previously reported Kunitz-type inhibitors [25] . The purification of the protein of 6.5 kDa was performed in anion-exchange chromatography with partial retention of sample on the column. The chromatogram (Figure 2 ) reveals two peaks relative to non-retained volume (peak I and II) and four additional peaks obtained after the linear gradient elution, in 0.03 M NaCl (peak III), 0.15 M NaCl (peak IV), 0.23 M (peak V), and 0.27 M (peak VI). MALDI-TOF spectrum of the proteins from peak II shows small differences in M m of 6348.51, 6552.20, 6609.37, 6623.17, and 6710.15 ( Figure 3A) , indicating that these proteins probably are isoforms. These isoforms were capable to inhibit with efficiency the bovine trypsin (97%) and chymotrypsin (56 %) suggesting that this inhibitor could be classified into the BBI family.
MALDI-TOF spectra of the native and reduced proteins with DTT ( Figure 3A/B) revealed that several isoforms present similar disulfide bonds content. All proteins presented an increase in M m close to 12 excepting the protein of 6348.51 kDa, which presented an increase in M m of 13.5 (Table 1 ). These differences correspond to M m of hydrogens added due to the reducing conditions, indicating the presence of six and seven disulfide bonds, respectively. In the present study, it was assumed that the isolated 6.5 kDa inhibitor (IUTCI) belongs to BBI family as judged by the molecular mass, both trypsin-like and chymotrypsin-like inhibitory activities, and the disulfide bond content.
Fluorescence analysis of the inhibitor had shown an emission band at 345 nm corresponding to tryptophan residues fully solvent exposed (data not shown). This emission band was considered to record fluorescence emission intensities at different pHs, which were normalized by the ratio of the fluorescence intensities relative to that of major value (pH 5.0) (Figure 4) . The quenching in the emission intensity of approximately 10% indicates small conformational changes at pH 2-4 and pH 8-10. Furthermore, the inhibitor has been shown to retain a high structural stability at pH 5-7. Otherwise, a lower stability was observed at extreme alkaline pHs 11-12. Several deconvolution algorithms of the Dicroprot package, used to fit Far-UV CD spectrum (Figure 5) , indicated that IUTCI is predominantly formed β-sheet and unordered structure. Interest in protease inhibitors has increased in the last decade due to their potential biotechnological application. In particular, BBI and Kunitz type inhibitors have been investigated to be used as a strategy to control the cotton boll weevil A. grandis [22, 23] . It was demonstrated that soybean Kunitz trypsin inhibitor is able to inhibit trypsin-like proteases from gut extracts of the larval and adult insect boll weevil [23] . Furthermore, in vitro and in vivo deleterious effects of a BBI, black-eyed pea trypsin chymotrypsin inhibitor (BTCI), were also demonstrated towards the boll weevil pest [22] . In addition, the 75 µM IUTCI was capable to inhibit efficiently the serine proteases (60%) from larval midgut fluid of cotton boll weevil A. grandis (Table 2) , as previously shown for a soybean Kunitz and BBI (BTCI) inhibitors [23, 22] . These results indicate that, after concluded the feeding tests, I. umbratica protease inhibitor genes probably could be used in the construction of transgenic cotton plant with enhanced resistance against this weevil pest.
CONCLUSION
Leguminosae seeds from Amazon forest present significant amounts of trypsin and chymotrypsin inhibitors [25] . As previously reported, MALDI-TOF spectra of several crude extracts from different Leguminosae seeds revealed small proteins ranging from 6 to 22 kDa [25] . In this work, a BBI from one of the above-mentioned Leguminosae, I. umbratica, was purified and characterized as isoforms ranging from 6.3 to 6.7 kDa. The inhibitor was isolated with only one ion-exchange chromatography-step with partial retention of the sample on the column. The high content of disulfide bonds estimated for this small inhibitor may be responsible for its constrained and unordered structure predicted by circular dichroism. Consequently, this feature also reflects the observed highly stability at pHs 5-7 and relative stability at pH 2-4 and 8-10. Moreover, this is the second described Bowman-Birk type inhibitor active against A. grandis. Efforts have been concentrating to test these inhibitors in bioassays addressing the development of biological control strategies in engineering crop plants, in order to increase resistance against cotton boll weevil.
